In the present study, responses of long-term human coronary artery bypass grafts (CABGs) to known endothelium-dependent vasodilators, acetylcholine, calcium ionophore A23187, thrombin, and histamine, as well as authentic nitric oxide, the putative endothelium-derived relaxing factor, were studied. Sixteen CAGBs were isolated within 1-2 hours from hearts of 14 patients receiving a cardiac transplant. A total of 109 ring segments were prepared from these CABGs and studied in vitro. The duration of the CABGs ranged from 7 months to 12 years. Addition of acetylcholine (0.01-10 ,uM), calcium ionophore A23187 (0.01-1.0 ,uM), thrombin (0.01-1.0 unit/ml), and histamine (0.01-1.0 ,uM) consistently produced a dose-and endotheliumdependent relaxation, reaching a maximum of -35.3+±3.3%, -45.3±5.5%, -26.9+±4.8%, and -17.8+±2.5% (mean±+SEM), respectively. No significant difference was observed among the CABGs with different duration of transplantation, whereas the relaxant responses of different segments along the entire length of a CABG were markedly different. These latter differences in the endothelium-dependent responses appear to correlate inversely with the development of intimal proliferative lesions in these CABGs. Addition of nitric oxide (0.01-10 ,M) produced a potent dose-and endothelium-independent relaxation, which was also slightly depressed in CABGs with severe intimal proliferation. These results demonstrate that long-term transplanted human saphenous vein grafts retain their endothelium-dependent responses and that development of severe intimal proliferative lesions, rather than the duration of the grafts, result in marked alterations in the reactivity of these transplanted CABGs. (Circulation 1991;83:402-411) R ecently, considerable experimental evidence has accumulated from studies with various endothelium-dependent vasodilators in a variety of animal and human vascular tissues to suggest that there exists a marked heterogeneity of endothelium-dependent responses among different animal species and different vascular beds.1-6 Although the causes of this heterogeneity may be in part due to variations in sensitivity of the endothelial cells to and the presence or absence of specific receptor sites for the drug-mediated activation of endothelium-derived relaxing factor (EDRF), results of several recent studies suggest that this may be in part related to the inherent properties of the different vascular beds.1-6 For example, venous blood From the
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In the present study, responses of long-term human coronary artery bypass grafts (CABGs) to known endothelium-dependent vasodilators, acetylcholine, calcium ionophore A23187, thrombin, and histamine, as well as authentic nitric oxide, the putative endothelium-derived relaxing factor, were studied. Sixteen CAGBs were isolated within 1-2 hours from hearts of 14 patients receiving a cardiac transplant. A total of 109 ring segments were prepared from these CABGs and studied in vitro. The duration of the CABGs ranged from 7 months to 12 years. Addition of acetylcholine (0.01-10 ,uM), calcium ionophore A23187 (0.01-1.0 ,uM), thrombin (0.01-1.0 unit/ml), and histamine (0.01-1.0 ,uM) consistently produced a dose-and endotheliumdependent relaxation, reaching a maximum of -35.3+±3.3%, -45.3±5.5%, -26.9+±4.8%, and -17.8+±2.5% (mean±+SEM), respectively. No significant difference was observed among the CABGs with different duration of transplantation, whereas the relaxant responses of different segments along the entire length of a CABG were markedly different. These latter differences in the endothelium-dependent responses appear to correlate inversely with the development of intimal proliferative lesions in these CABGs. Addition of nitric oxide (0.01-10 ,M) produced a potent dose-and endothelium-independent relaxation, which was also slightly depressed in CABGs with severe intimal proliferation. These results demonstrate that long-term transplanted human saphenous vein grafts retain their endothelium-dependent responses and that development of severe intimal proliferative lesions, rather than the duration of the grafts, result in marked alterations in the reactivity of these transplanted CABGs. (Circulation 1991;83:402-411) R ecently, considerable experimental evidence has accumulated from studies with various endothelium-dependent vasodilators in a variety of animal and human vascular tissues to suggest that there exists a marked heterogeneity of endothelium-dependent responses among different animal species and different vascular beds.1-6 Although the causes of this heterogeneity may be in part due to variations in sensitivity of the endothelial cells to and the presence or absence of specific receptor sites for the drug-mediated activation of endothelium-derived relaxing factor (EDRF), results of several recent studies suggest that this may be in part related to the inherent properties of the different vascular beds.1-6 For example, venous blood vessels have consistently been shown to produce significantly less EDRF compared with the arterial blood vessels. 4, 7 Luscher et a17 demonstrated that human saphenous veins, often used for coronary aortic bypass surgery, appear to produce significantly less EDRF than do the internal mammary arteries. The responses of these saphenous veins to arterially derived EDRF, however, appear to be the same as those of the arteries. Results of these findings prompted the investigators to postulate that this may contribute in part to the higher patency rate of the arterial grafts than of the venous grafts. Although autologous saphenous vein grafts remain the graft of choice for human coronary artery bypass surgery,8 conclusive evidence of the role of intimal endothelial cells in the modulation of the functional vascular reactivity of the long-term transplanted grafts has not been extensively studied. Furthermore, it has recently been shown that intimal endothelial cells in the autologous artery or vein grafts are invariably injured during transplantation,9,10 which could further inhibit the production of EDRF and the endothelium-depen-A 1 mm B 1mm FIGURE 1. Typical light microscopic images of long-term human coronary artery bypass grafts (CABGs). Experimental protocol for preparation of CABG after each experiment for the light microscopic examinations is presented in "Methods. " Panel A: CABG with minimal-to-moderate intimalproliferation. Panel B: CABG with severe intimal proliferation. dent responses." Thus, the present study was undertaken to examine the functional reactivity of longterm transplanted human coronary artery bypass grafts isolated from patients undergoing cardiac transplantation. The responses of these coronary artery bypass grafts (CABGs), with varying durations of transplantation, to several known endotheliumdependent vasodilators as well as to authentic nitric oxide, the putative EDRF, were evaluated to determine the role of endothelial cell dysfunction in vascular reactivity of long-term transplanted CABGs.
Methods

Isolated Human Coronary Artery Bypass Graft Preparations
CABGs were obtained from excised hearts of one female and 13 male cardiac transplant patients 39-62 years old (mean, 52.1 +±1.5 years). All of the excised hearts were classified as surgical specimens and were reviewed and exempted by the institutional review board from required patient consent. The duration of the CABGs ranged from approximately 7 months to 12 years with an average CABG duration of approximately 4.4±0.9 years (mean+SEM). All patients were being treated with standard medications for congestive heart failure. The excised hearts were placed into ice-cold 10 mM HEPES-buffered (pH 7.4) Krebs-Henseleit solution immediately after removal from the chest. CABGs were isolated within 1-2 hours and cleaned of surrounding tissues under prewarmed and oxygenated Krebs-Henseleit solution. Only CABGs with visible luminal opening were used in the present study, whereas CABGs with complete occlusion of the lumen with atherosclerotic plaques and/or thrombus were discarded. CABGs were cut into rings 4-5 mm long, with outside diameters ranging from 2.7 to 7.8 mm. Each ring was then mounted as previously described12,13 using two triangle-shaped 27-gauge stainless-steel needles in jacketed tissue chambers containing Krebs-Henseleit solution (37°C) gassed with 95% 02-5% C02. Krebs-Henseleit solution consisted of (in mM): NaCl 118, KCl 4.6, NaHCO3 27.2, MgSO4 1.2, KH2P04 1.2, CaCl2 1.75, Na2EDTA 0.03, and glucose 11.1. The upper needle of each arterial ring was attached with a silk suture to a force-displacement transducer (model FT .03C, Grass Instr. Co., Quincy, Mass.), and changes in isometric force were recorded on a Grass Polygraph (model 7C).
All vessels were passively stretched to generate a resting tension of 3.0-4.0 g for isometric contraction recording. After 1 hour of equilibration, CABG rings were exposed to a maximum depolarizing 70 mM KCl. When contractile responses plateaued (range, 3-5 g active tension), the CABG rings were rinsed with Krebs-Henseleit solution and allowed to equilibrate for an additional 60 minutes in the presence of 2 gM indomethacin before the start of the experiment. At appropriate times, submaximal tone (approximately 30% of the maximum inducible tone) was elicited with 0.5-1 ,uM prostaglandin F2a (PGF2), during which various pharmacological agents were added to the bathing medium. In all cases, the effects of only two endothelium-dependent vasodilators were determined in each segment of CABG, except when the dilators were retested in the presence of either hemoglobin or after mechanical disruption of the intimal endothelium. Data are given as percentage of relaxation or percentage of decrease in PGF2a-induced coronary tone. When significant resting tone was noted before PGF2a addition, a maximum dose of sodium nitroprusside (1 ,uM) or papaverine (30 ,IM) was added at the end of the drug testing to determine the maximum contractile tone from which the percentage of relaxation was calculated.
Morphological Studies
After completion of each vascular reactivity study, ring segments of isolated human CABGs were weighed, and their outside diameters and lengths were recorded. CABGs were then fixed in buffered 10% formalin and prepared for light microscopic examination. A few segments were divided in halfone for light microscopy and one for scanning electron microscopic examination of the endothelium. The microscopic sections of the CABGs were stained with hematoxylin-eosin, and the intimal and medial regions were examined with the BH-2 microscope (Olympus Corp., Marietta, Ga.) at magnifications of x 100-200. The actual thickness of the intimal and medial layers were then measured using the Olympus Cue-2 image analysis method under x 25-40 magnification. Specimens for scanning electron microscopic examination were prepared by standard techniques and stained with silver in a modified Hauchen technique. 14, 15 In all 109 ring segments isolated from 16 human CABGs obtained from 14 patients who underwent cardiac transplantation, varying degrees of intimal and medial thickenings were noted. Figure 1 shows typical examples of light microscopic examinations of the two distinct groups of CABGs studied. In an attempt to normalize the functional vascular responses of these diverse CABGs, they were grouped into mild-to-moderate and severe intimal proliferative lesion groups. Criteria for grouping of CABGs were based on the relative tissue wet weight of each CABG ring section divided by its segment length (4-5 mm). This was further confirmed and verified with histological determinations of the relative thicknesses of the intimal and medial layers of each CABG by Olympus Cue-2 image analyses. This was done on a paraffin section of each ring. The section was digitized with a CCD camera (model XC-57, Sony, Marietta, Ga.), stored in the computer, and proceeded by measuring the thicknesses in micrometers of the intima and media in at least four or five different regions to obtain average results. Initially, three categories were used -mild, moderate, and severe depending on the thickness of the intimal region. However, the reactivity of the mild and moderate amounts of thickening were the same; consequently, the groups were combined.
Drugs
Histamine, acetylcholine iodide, sodium nitroprusside, papaverine, and hemoglobin were purchased from Sigma Chemical Co. (St. Louis, Mo.). Thrombin and calcium ionophore A23187 were purchased from the United States Biochemical Co. (Cleveland, Ohio) and Calbiochem (La Jolla, Calif.), respectively. PGF2a tromethamine was purchased from the Upjohn Co. (Kalamazoo, Mich.). Acetylcholine iodide was prepared in sodium acetate buffer (pH 4.0) and stored at 4°C to ensure stability, whereas deoxyhemoglobin and the authentic nitric oxide were prepared fresh according to the methods of Martin et a116 and Ignarro et al,17 respectively. Briefly, 50 ml NO (99% pure), obtained from Matheson Gas, (Morrow, Ga.), was injected as a fine stream of bubbles into two serum bottles containing 2 ml ice-cold water each in a cascade fashion. The water FIGURE 2. Typical scanning electron microscopic images of intimal endothelial surface of long-term human coronary artery bypass grafts (CABGs). Experimental protocol for preparation of CABG for microscopic excaminations is presented in "Methods. " Intimal surfaces of CABGs before and after in vitro experimental studies are shown in Panels A and B, respectively. Panel C: Surface of CABG after mechanical denudation of intimal endothelium. was previously deoxygenated by vacuum evacuation and flushed with oxygen-free nitrogen (Matheson Gas) for at least 30 minutes. All nitric oxide solutions were prepared in serum bottles sealed with rubber serum caps so that syringe needles could be inserted for delivery of gases and withdrawal of nitric oxide solution for vascular response studies. Only the second serum bottle of nitric oxide solution was used for the studies, whereas the first bottle was used to "wash" the nitric oxide gas. The concentration of nitric oxide in saturated solution was estimated by the colorimetric method and was shown to contain approximately 1-1.5 mM NO, as previously described, '7 and serial dilutions were then made in oxygen-free cold water with the aid of gas-tight Hamilton microliter syringes. All other drug solutions were prepared just before use.
Statistical Analysis
All values are reported and graphed as mean± SEM. Each experimental group consisted of at least eight to 15 different preparations taken from three to five CABGs. The data were analyzed by use of two-way analysis of variance and Student's t test. The criterion for a statistically significant difference was a probability value of less than 0.05. Probit analysis method was used to determine the ED50 of druginduced vascular changes.
Results Physical and Morphological Examinations of Human Coronary Artery Bypass Grafts
Sixty-one segments of a total of 109 CABG segments studied were found to contain mild-to-moder-
ate intimal proliferation. The average tissue weightto-length ratio of this mild-to-moderate intimal proliferation group was 7.26±+0.30 mg wet wt/mm (mean±SEM), which was significantly less than that of CABGs in the severe intimal proliferation group (14.75±0.85 mg/mm, mean±SEM of 48 CABGs, p<0.05). This was consistent with our findings that the average thicknesses of the intimal and medial layers of the moderate intimal proliferation group were 469.4±27.9 and 141.9±13.3 gm (mean±SEM of 53 CABGs), respectively, compared with 761.8 ±74 and 248.0±15.7 ,m (mean±SEM of 38 CABG, p<0.05), respectively, found in the severe intimal proliferation group. The severe intimal proliferative changes with atheroscleroticlike lesions are rarely seen in pretransplanted veins.
Scanning electron microscopic examinations of the intimal surface of CABGs removed either immediately from the excised hearts or after in vitro determination of reactivity demonstrate little difference in the appearance of the endothelial cells (Figures 2A  and 2B ). In both cases, the plasma membrane is intact, and the cells show little evidence of swelling. This is in contrast to the mechanically endothelialdisrupted CABGs ( Figure 2C ), which showed typical collagen basement matrix. This area is characteristic of this type of preparation with complete absence of endothelial cells.
Vasoconstrictory Responses of Human Coronary Artery Bypass Grafts
In all of the 61 segments of human CABG with moderate intimal proliferation studied, the maximum potassium chloride (70 mM)-induced contraction was 3.23+0.27 g (mean±SEM), which was slightly but not significantly less than that of the 48 CABG segments with the severe intimal proliferation lesion (3.71 ±0.32 g, mean±SEM). -32.1±3.0 The maximum PGF2a-inducible tone for the moderate intimal proliferation group was also significantly less than that of the severe proliferation group (6.6+±0.41 versus 7.56±+0.54 g, p<0.05).
Vasodilatory Responses of Human Coronary Artery Bypass Grafts
Acetylcholine. Figure 3 shows typical experimental tracings of the acetylcholine-induced responses in isolated human CABGs. In all of the 59 segments of CABGs studied, addition of 0.01-10 ,uM acetylcholine consistently produced a doseand endothelium-dependent relaxation. Mechanical disruption of intimal endothelium (Figure 3B The magnitude of acetylcholine-induced relaxation, expressed as a percentage of PGF2a-induced contractile tone, varied considerably among segments of CABGs, even within the entire length of each CABG (Figure 4 ). In one of the excised hearts, two separate coronary artery bypass surgeries were previously performed, which enabled us to further study the effect of different durations of CABG transplantation on CABG vascular reactivity. As shown in Figure 4 , different durations of the two transplanted CABGs (approximately, 7 months versus 10 years) did not appear to alter endothelium-dependent responses to acetylcholine. Table 1 further illustrates the lack of correlation between the duration of CABG transplantation and the changes in acetylcholine-induced EDRF-dependent relaxation among the nine CABGs from eight patients. The only segment (1, Figure 4 ) that responded to acetylcholine with constriction rather than relaxation was the junctional segment that contained both CABG and coronary artery. We previously reported that isolated human epicardial coronary arteries consistently responded to acetylcholine with constriction18'19; thus, the response of this segment was not included in the averaged data as presented in Table 1 .
To determine whether the segmental differences in the CABG relaxant responses to acetylcholine may be related to the development of varying magnitudes of intimal proliferative lesions, we grouped the acetylcholine-induced relaxant responses according to the severity of intimal proliferation of the 59 segments of CABG studied. The average magnitude of Severe (32) FIGURE 5. Plots ofeffects ofdevelopment of intimal proliferative (I.P.) lesion on acetylcholine-induced endothelium-dependent relaxation in isolated long-term human coronary artery bypass grafts (CABGs). 4 4 EExperimental protocols for determinations of acetylcholine-induced relaxation are described in 'Methods." Severity of intimal proliferative lesion in isolated CABG was arbitrarily divided into moderate and severe groups. Criteria for classification of these two groups are described in "Methods" and "Re-I I sults." Values in parentheses indicate total -5.5 -5.0 number of CABG segments studied in each group, and data are given as mean ±SEM.
acetylcholine-induced EDRF-dependent relaxation in the 27 segments of CABG with moderate intimal proliferative lesions was -35.3+±3.3%, which was significantly different from that observed in the CABGs with severe intimal proliferation (-16.2±2%, mean+ SEM of 32 segments, p>0.05, Figure 5 ). Thrombin. Among the 19 segments of CABG with moderate intimal proliferation studied, addition of 0.01-1.0 unit/ml thrombin also produced a consistent endothelium-dependent relaxation. The maximum percent relaxation observed with 1.0 unit/ml thrombin was -26.9+±4.8% (mean±SEM, Figure 6 ), which was completely inhibited with either prior addition of 3 ,uM hemoglobin or mechanical disruption of the intimal endothelium (data not shown). The presence of severe intimal proliferative lesion in an additional 11 segments of CABG also completely abolished the thrombin-induced relaxation. A reversal of vasorelaxation to vasoconstriction was observed with the addition of thrombin into these latter CABGs with severe intimal proliferative lesions ( Figure 6 ). (1 1) IP mod/Aete (19) IP moderate (19) I FIGURE 6. Plots of effects of intimal proliferative (IP) lesion on thrombin-induced endothelium-dependent relaxation in isolated human coronary artery bypass grafts (CABGs). Experimental protocols for this series of experiments are described in "Methods." Values in parentheses indicate total number of CABG segments studied in each group, and data are given as mean ±SEM. . Typical tracings of vasorelaxation induced by calcium ion-ophoreA23187, histamine, and nitric oxide in isolated long-term transplanted human coronary artery bypass grafts (CABGs). Experimental protocolsfor this series ofexperiments are similar to that described in Figure  2 . Similar results were also observed in 10 to 15 different segments offive CABGs with different durations of transplantation. SNP, addition of 1 ,uM sodium nitroprusside.
with 0.01-1.0 ,uM calcium ionophore A23187 ( Figure  7) . The time course of development of A23187induced relaxation was generally slower than observed with acetylcholine. The maximum calcium ionophore A23187-induced relaxation in the 16 CABG segments with moderate intimal proliferation studied was -45.3+5.5% (mean+SEM, Figure 8 ), which was also highly sensitive to hemoglobin inhibition (data not shown). In an additional 12 CABG segments with severe intimal proliferation, the maximum calcium ionophore-induced relaxation was reduced to -24.6+6.9% (mean+SEM). The ) of reduction in the calcium ionophore-EDRF-dependent relaxation in CABG with ntimal proliferation was similar to that obrith acetylcholine (-54.1%, Figure 5 ).
n earlier with acetylcholine-induced EDRFnt relaxation (Figure 4 ), similar segmental ves in the calcium ionophore A23187-in-DRF-dependent relaxation was also noted, the differences in the duration of the (7 months versus 12 years) did not appear to observed responses (Figure 4 ). However, in to acetylcholine, calcium ionophore A23187 produced a similar EDRF-dependent response in the junctional branch of CABG and coronary artery (1 segment, Figure 4 ). This is consistent with the EDRF-dependent relaxation often seen with A23187 in the human coronary arteries. [20] [21] [22] Histamine. Addition of 0.01-1.0 ,M histamine also produced a small but significant endothelium-dependent relaxation in the isolated CABGs (Figure 7) with moderate intimal proliferation, reaching a maximum of -17.1±2.5% (mean+SEM of 28 segments, Figure 8 ). None of the 28 segments of CABG studied met the criteria to be classified as the severe intimal proliferation group. Compared with the other endothelium-dependent dilators, the relatively smaller relaxant response observed with 1 ,.M histamine may be in part related to the general tendency of histamine to induce vasoconstriction in these human CABGs. As shown in Figure 8 , addition of higher concentrations of histamine (10 lM) resulted in a 47.9±19.2% increase in contraction in these endothelium-intact CABGs.
Nitric oxide. Addition of 0.001-1.0 ,M authentic nitric oxide also consistently produced a dose-dependent relaxation, reaching a maximum of -89.6+2.4% (mean+SEM of six segments, Figures 7 and 8) in CABGs with moderate intimal proliferation. The ED,0 for the observed nitric oxide-induced relaxation was approximately 0.2 ,uM. Mechanical disruption of intimal endothelium did not markedly alter the the observed nitric oxide-induced relaxation. However, the presence of severe intimal proliferative lesion in these human CABGs slightly but significantly decreased the nitric oxide-induced relaxation to -63.1±4.1% (mean+SEM of 13 segments, p<0.05).
The average thicknesses of the intimal and medial layers of these 13 CABG segments were 714.9±205.6 and 241.8±21.1 ,um, respectively. Sodium nitroprusside. In 16 CABG segnents with mild-to-moderate intimal proliferation and previously contracted with PGF2a, addition of 1 ,uM sodium nitroprusside resulted in a -87.3±3.4% (mean± SEM) relaxation. This was not significantly different from that obtained from 12 CABG segments with severe intimal proliferation (-87.7±4.7%, mean ±SEM). The average thicknesses of the intimal and medial layers of these latter 12 CABG segments were 574.2±58.5 and 119.9±9.3 ,um, respectively. These results suggest that responses of the transplanted CABG to direct activation of soluble guanylate cyclase were not altered.
Discussion Previous studies with isolated human saphenous veins, before their use in coronary artery bypass surgery, have clearly demonstrated that intimal endothelial cells in these vessels are capable of releasing EDRF and modulate vascular contractile responses.7"11 However, reports of significant endothelial cell injury and impairment of EDRF release during surgical preparation of these saphenous vein grafts for transplantation seriously questioned the potential role of these endo-thelial cells in modulating local vascular contractile activity and platelet aggregation and adhesion in the transplanted CABGs."1 Results of the present study with long-term transplanted human CABGs isolated from patients during cardiac transplantation demonstrate for the first tirne that the functional endothelial and vascular responses are present as early as 7 months and are retained for as long as 12 years after transplantation. Thus, these results suggest that if endothelial cell injury occurs during transplantation, it probably did not result in a complete disruption of the intimal endothelial cells and their functions. Alternatively, it is possible that significant regeneration of endothelial cells and their functions may have occurred after as little as 7 months after transplantation.
Similar regeneration of intimal endothelium after surgical transplantation of canine saphenous vein grafts to the femoral arteries in dogs have also been reported. 23 Although the EDRF-dependent responses of the newly regenerated endothelium in these canine saphenous vein grafts reportedly remained lower than responses of the pretransplanted native saphenous veins, this may be due in part to the relatively short period of recovery (4-6 weeks) in the study. 23 The present finding of a consistent endothelium-dependent relaxation to all EDRF-dependent dilators tested, including acetylcholine, calcium ionophore A23187, thrombin, and histamine, with a similar magnitude of relaxant response as previously reported with native human saphenous veins before transplantation7 strongly suggests that important vasoregulatory functions of the endothelium are retained in these long-term transplanted CABGs.
The exact nature and origin of the regenerated CABG endothelial cells are not well understood. It has been reported that islands of viable endothelial cells along the valves of the vein grafts may be sufficient to initiate endothelial cell regeneration in animal vein grafts.24 Alternatively, coronary arterial endothelial cells may serve as the source for reendothelialization of the transplanted CABGs. We and other investigators have previously reported that endothelial cells in the isolated human coronary arteries18"19,2122 and coronary veins25 do not consistently respond to acetylcholine with an EDRF-dependent relaxant response; rather, a consistent dosedependent contraction was observed. Thus, the present findings of a consistent acetylcholine-induced EDRF relaxation in the transplanted CABGs appear to suggest that the regenerated endothelial cells in the CABGs were probably of saphenous venous origin rather than derived from the coronary arterial endothelium.
The magnitude of the EDRF-dependent relaxant responses to acetylcholine, calcium ionophore A23187, histamine, and thrombin in the transplanted CABGs (range, 20-50%) was generally smaller than EDRF-dependent responses reported for calcium ionophore, histamine, and thrombin in isolated human coronary arteries18-22,26 and acetylcholine in human internal mammary arteries.7 Although the mechanism of this lesser reactivity to endotheliumdependent relaxing agents is not clear, these responses are consistent with those previously reported with the native human saphenous vein before transplantation.7,11 The present finding of near-complete (approximately 90%) relaxant responses to nitric oxide, putative EDRF, and sodium nitroprusside suggests that the functional responsiveness of the transplanted CABGs to EDRF and the subsequent activation of the guanylate cyclase system was not altered. Thus, these findings appear to be consistent with the hypothesis that the relatively smaller relaxant responses of CABGs to EDRF-dependent dilators are probably related to the inherent properties of venous blood vessels of producing fewer EDRF molecules upon stimulation rather than to a transplantation-induced altered response.
One of the most significant observations from the present study of long-term transplanted CABGs is the finding of varying degrees of intimal and medial proliferation in all segments of CABGs with concordant decreases in EDRF-dependent responses. Similar attenuation of endothelium-dependent relaxation has been reported in isolated human coronary arteries with intimal proliferative and atherosclerotic lesions.20,22'27 The relatively small reductions (approximately 50%) of acetylcholineand calcium ionophore A23187-induced relaxations in the so-called "severe" intimal proliferative lesion group may be related to our selections of CABGs for the present study. As indicated in "Methods," only the CABGs with luminal openings were studied, whereas CABGs with complete intimal occlusion by atherosclerosis and/or thrombus were discarded. In contrast, the thrombin-induced EDRF-dependent relaxation was apparently more sensitive to changes in the intimal proliferative lesions than to acetylcholine and calcium ionophore, such that in the severe intimal proliferation group the thrombin-induced EDRFdependent relaxation was completely inhibited and instead a marked constrictory effect was observed. We have reported a similar reversal of thrombininduced EDRF-dependent relaxation to vasoconstriction in the ischemically injured canine coronary arteries. 12 In addition to a decreased EDRF-dependent relaxation, CABGs with severe intimal and medial proliferation also exhibit a higher constrictory response to both potassium chloride and PGF2a compared with the "moderate" intimal and medial proliferation group. Because these increases in constrictory responses were also observed even in the absence of endothelium, the present findings suggest a possible direct increase in the vasoconstrictory responsiveness of long-term transplanted CABG vascular smooth muscle cells. This is consistent with earlier reports of various animal species demonstrating that atherosclerotic coronary arteries are accompanied by increased vasoconstrictory responses.28,29 However, with the limited number of patient samples, it is difficult to extrapolate the clinical relevance of these changes in the constrictory responsiveness of the CABGs to their long-term failure. Nevertheless, the present findings with long-term transplanted CABGs clearly demonstrate that the development of severe intimal proliferation rather than the duration of transplantation significantly decreases the endothelium-dependent relaxation and enhances the vasoconstrictory response.
